Cocaine-induced cardiovascular emergencies are mediated by excessive adrenergic stimulation. Animal studies suggest that cocaine not only blocks norepinephrine reuptake peripherally but also inhibits the baroreceptors, thereby reflexively increasing sympathetic nerve discharge. However, the effect of cocaine on sympathetic nerve discharge in humans is unknown. In 12 healthy volunteers, we recorded blood pressure and sympathetic nerve discharge to the skeletal muscle vasculature using intraneural microelectrodes (peroneal nerve) during intranasal cocaine (2 mg/kg, n ϭ 8) or lidocaine (2%, n ϭ 4), an internal local anesthetic control, or intravenous phenylephrine (0.5-2.0 g/kg, n ϭ 4), an internal sympathomimetic control. Experiments were repeated while minimizing the cocaine-induced rise in blood pressure with intravenous nitroprusside to negate sinoaortic baroreceptor stimulation. After lidocaine, blood pressure and sympathetic nerve discharge were unchanged. After cocaine, blood pressure increased abruptly and remained elevated for 60 min while sympathetic nerve discharge initially was unchanged and then decreased progressively over 60 min to a nadir that was only 2 Ϯ 1% of baseline ( P Ͻ 0.05); however, plasma venous norepinephrine concentrations ( n ϭ 5) were unchanged up to 60 min after cocaine. Sympathetic nerve discharge fell more rapidly but to the same nadir when blood pressure was increased similarly with phenylephrine. When the cocaine-induced increase in blood pressure was minimized (nitroprusside), sympathetic nerve discharge did not decrease but rather increased by 2.9 times over baseline ( P Ͻ 0.05). Baroreflex gain was comparable before and after cocaine.
Introduction
Cocaine abuse is a major cause of life-threatening cardiovascular emergencies including ventricular arrhythmias, acute myocardial infarcts, and hypertensive crises (1) (2) (3) (4) (5) . Although there is evidence that all these emergencies are caused by excessive adrenergic stimulation of the cardiovascular system (6-10), the underlying mechanisms mediating cocaine's sympathomimetic effects are poorly understood.
The standard explanation is that cocaine blocks the norepinephrine reuptake transporter in peripheral sympathetic nerve terminals, thereby increasing norepinephrine concentration in the synaptic cleft (11) (12) (13) (14) (15) . However, additional mechanisms must be involved, since other drugs (e.g., tricyclic antidepressants) which are more effective than cocaine at blocking the norepinephrine transporter do not cause the same cardiovascular catastrophic events (16) . Data from experimental animals indicate that cocaine also modulates sympathetic nerve discharge, the neural stimulus to norepinephrine release, but there is no consensus as to how this occurs. Two conflicting hypotheses have been proposed. The first is that cocaine decreases sympathetic discharge centrally (17) (18) (19) , which would mitigate the sympathomimetic effects of cocaine. The second hypothesis is that cocaine increases sympathetic discharge either centrally (20, 21) or reflexively, the latter by exerting a local anesthetic effect on the sinoaortic baroreceptors (22, 23) . Increased sympathetic nerve discharge would amplify the peripheral sympathomimetic actions of cocaine. The evidence to support these hypotheses is derived mainly from studies in anesthetized, decerebrate, or ex vivo animal preparations and the effect of cocaine on sympathetic nerve discharge in conscious humans is unknown. Accordingly, this study was undertaken to delineate the effect of cocaine on sympathetic nerve discharge in humans. Specifically, we asked two questions. First, does cocaine increase or decrease sympathetic nerve discharge? Second, does the sinoaortic baroreflex play a pivotal role in mediating the sympathetic nerve response to cocaine? To address these questions, we recorded postganglionic sympathetic action potentials targeted to the skeletal muscle vasculature in healthy volunteer subjects using microelectrodes inserted into fascicles of the peroneal nerve during the intranasal administration of cocaine.
Methods

General methods
We studied 14 healthy male volunteers, 24-44 yr of age. Microneurographic recordings of sympathetic nerve discharge were performed in 12 of the 14 subjects. The protocol was approved by the Institutional Review Board of the University of Texas Southwestern Medical Center, and all subjects gave their written informed consent to participate. All subjects were normotensive and had no history of cardiovascular disease. None of the subjects had any history of cocaine abuse or of other recreational drug abuse. None of the subjects were taking any prescription or nonprescription drugs with cardiovascular or autonomic effects.
All experiments were performed with the subjects in the supine position. Heart rate (electrocardiography), blood pressure (Finapres; Ohmeda, Madison, WI), and postganglionic efferent sympathetic nerve discharge targeted to the skeletal muscle circulation were recorded continuously using an electrostatic recorder (ES1000; Gould Inc., Glen Burnie, MD).
Sympathetic nerve discharge
Multiunit recordings of postganglionic sympathetic nerve discharge were obtained with unipolar tungsten microelectrodes inserted selectively into muscle nerve fascicles of the peroneal nerve posterior to the fibular head according to the technique of Vallbo et al. (24) . Briefly, the neural signals were amplified 20,000-50,000 times, filtered (bandwidth, 700-2,000 Hz), rectified, and integrated (time constant, 0.1 s) to obtain a mean voltage display of sympathetic discharge. A recording of sympathetic nerve discharge was considered acceptable when the neurograms revealed spontaneous, pulse synchronous bursts of neural activity, with the largest bursts showing a minimal signal-to-noise ratio of 3:1. In each experiment, we documented that we were recording sympathetic nerve discharge targeted to the skeletal muscle circulation by demonstrating that the neural activity had ( a ) no response to arousal stimuli (loud noise or skin pinch) and ( b ) a characteristic cardiac rhythmicity (i.e., the interburst interval was equal to or a whole number multiple of the cardiac cycle length). Sympathetic bursts were detected by inspection of the filtered and mean voltage neurograms. A deflection on the mean voltage display was counted as a burst if it had a minimal signal-to-noise ratio of 2:1. The interobserver and intraobserver variabilities in identifying bursts are Ͻ 10 and 5%, respectively (25) . Inadvertent contraction of the leg muscles adjacent to the recording electrode produces electromyographic artifacts that are easily distinguished from sympathetic bursts; neurograms that revealed such artifacts were excluded from analysis. Nerve traffic was measured as the burst frequency times mean burst amplitude, an index of total nerve traffic.
Echocardiography
Two-dimensional echocardiography was performed in each subject using a 3.25 MHz annular array transducer (CFM 750; Vingmed, Milpitas, CA). All studies were recorded on videotape for subsequent analysis by an experienced observer who was blinded to the intervention. Left ventricular end-diastolic and end-systolic dimensions and cross-sectional areas were measured using a parasternal short axis view at the midventricular level (26) . Fractional area shortening was calculated as LVDed Ϫ LVDes/LVDed and LVAed Ϫ LVAed/LVAed, where LVD is the left ventricular dimension, LVA is left ventricular area, es is end-systole, and ed is end-diastole.
Plasma norepinephrine levels
Venous blood samples were obtained for analysis of norepinephrine concentrations from an indwelling cannula in a forearm vein. The samples were collected in chilled, heparinized tubes and promptly centrifuged at 4 Њ C and then rapidly frozen. Norepinephrine concentrations were assayed using high performance liquid chromatography with an electrochemical detector (27) (SmithKline Beecham Clinical Laboratories, St. Louis, MO); this assay was sensitive to 10 pg/ml with a coefficient of variation of 10%.
Experimental protocols
Protocol 1: Sympathetic nerve responses to intranasal cocaine versus intranasal lidocaine. After stable baseline data were obtained for 15 min, each subject was randomly assigned to receive intranasal ( a ) cocaine hydrochloride, 2 mg/kg in a 10% solution ( n ϭ 8) or ( b ) lidocaine hydrochloride, 2% solution ( n ϭ 4), the latter used to control for the local anesthetic property of cocaine. Each solution ( ‫ف‬ 10 ml) was administered slowly to both nares over 10 min. This dose of intranasal cocaine is half the standard clinical dose for rhinolaryngologic procedures (28) . Heart rate, blood pressure, and sympathetic nerve discharge were recorded continuously for 90 min. At the end of the 90-min measurement, the stability of the microneurographic recording site was verified by the ability of a Valsalva maneuver to evoke a characteristically large increase in sympathetic nerve discharge.
To study the underlying mechanisms mediating the observed changes in sympathetic nerve discharge after cocaine, additional protocols were performed on separate days using the same subjects.
Protocol 2: Sympathetic nerve responses to cocaine versus dobutamine. Cocaine increases ventricular contractility (as reflected by left ventricular fractional area shortening), which would be expected to increase the mechanical stimulation of inhibitory left ventricular mechanoreceptor afferents (29) . Therefore, the aim of this protocol was to examine the role played by cardiac mechanoreceptor stimulation in mediating the changes in sympathetic discharge elicited by cocaine. To accomplish this, we compared the sympathetic nerve responses to cocaine with those evoked by dobutamine, used as an internal control for the positive inotropic action of cocaine. In four subjects, measurements of sympathetic nerve discharge, blood pressure, heart rate, and left ventricular fractional area shortening were repeated on a separate day as dobutamine was infused intravenously for 60 min with the dose being titrated (5.0-10.0 g/kg/min) to match the increases in left ventricular fractional area shortening produced previously by the cocaine.
Protocol 3: Sympathetic nerve responses to cocaine versus phenylephrine. Cocaine increases arterial pressure, the stimulus to the sinoaortic baroreceptors (30) . Therefore, this protocol was designed to examine the role played by sinoaortic baroreceptor stimulation in mediating the changes in sympathetic discharge elicited by cocaine. To accomplish this, we compared the sympathetic nerve responses to cocaine with those evoked by phenylephrine, a direct sympathomimetic agent used as an internal control for the blood pressure-raising action of cocaine. In four subjects, measurements of arterial pressure, heart rate, and sympathetic nerve discharge were repeated on a separate day as phenylephrine hydrochloride was infused intravenously in 15 min, with the dose (1.0-2.5 g/kg/min) being titrated to produce increases in mean arterial pressure which mimicked the cocaineinduced increases in both time course and magnitude.
Protocol 4: Effects of pharmacologic attenuation of the cocaineinduced elevation in blood pressure on sympathetic nerve responses to cocaine. This protocol was designed to minimize sinoaortic baroreceptor stimulation during cocaine by attenuating the cocaine-induced increase in blood pressure with intravenous sodium nitroprusside (31) . In four subjects, we recorded sympathetic nerve discharge for 60 min after intranasal cocaine while simultaneously infusing sodium nitroprusside. The nitroprusside infusion was started immediately during the intranasal administration of cocaine and the dose of nitroprusside (1.0-3.0 g/kg/min) was titrated individually to attenuate the normal cocaine-induced increase in blood pressure by at least 50% (i.e., by 6-8 mmHg). During the infusion of nitroprusside, particular care was taken not to lower blood pressure below the resting baseline value. In the same four subjects, on a separate day we tested the effects of nitroprusside on the reflex decreases in sympathetic nerve discharge elicited by phenylephrine, used as a direct sympathomimetic control; the dose of nitroprusside was titrated to attenuate the phenylephrine-induced increases in blood pressure by ‫ف‬ 50% (6-8 mmHg).
Protocol 5: Effects of intranasal cocaine on the gain of the sinoaortic baroreflex. To quantify sinoaortic baroreflex gain in the presence or absence of cocaine, we measured progressive reflex increases in sympathetic nerve discharge evoked by progressive decreases in arterial pressure during the intravenous infusion of sodium nitroprusside, with the dose titrated to decrease mean arterial pressure progressively to a value of ‫ف‬ 15 mmHg below baseline. Baroreflex gain, measured before and again 30 min after cocaine, was calculated as the increase in sympathetic discharge per mmHg decrease in mean arterial pressure.
Protocol 6: Effects of intranasal cocaine on plasma venous norepinephrine concentrations. To examine the net effects of the various central neural and peripheral neuroeffector actions of cocaine on plasma norepinephrine concentrations, in five subjects (including three subjects who had undergone microneurography and two who had not), 10-ml aliquots of venous blood were withdrawn at 60, 20, and 0 min before cocaine and at 20 and 60 min after intranasal cocaine (2 mg/kg). The three separate baseline measurements were performed to document the stability of plasma norepinephrine concentrations after insertion of the venous cannula.
Statistical methods
All data are expressed as mean Ϯ 1 SEM. All statistical analyses were performed using a repeated measures ANOVA with Scheffe's posthoc test for multiple comparisons over time. P Ͻ 0.05 was considered statistically significant. Figure 1 . Effects of intranasal cocaine on blood pressure and sympathetic nerve discharge. (A) Segments of an illustrative experiment in one subject showing recordings of sympathetic nerve discharge and blood pressure at baseline and 30 min after intranasal cocaine. The sympathetic discharge is proportional to the frequency and the amplitude of the spikes (bursts). After cocaine, sympathetic nerve discharge decreased as blood pressure increased. Nevertheless, transient increases in sympathetic discharge still could be elicited by performance of a Valsalva maneuver, documenting the stability of the microelectrode recording and preservation of baroreflex function after cocaine. (B) Summary data showing changes in sympathetic nerve discharge and blood pressure plotted as a function of time after intranasal administration of cocaine (eight subjects) or during intravenous infusion of the direct alpha adrenergic agonist phenylephrine (four subjects), the latter titrated to mimic the blood pressure response to cocaine. Data are meanϮSE. *P Ͻ 0.05 vs. baseline (time 0). For comparable increases in blood pressure, sympathetic nerve discharge decreased more slowly with cocaine than with phenylephrine.
Results
None of the subjects developed chest pain or any electrocardiographic evidence of myocardial ischemia or arrhythmias, or other complications from cocaine. After intranasal cocaine, blood pressure and heart rate, as expected, increased abruptly, remained elevated for 60 min, and thereafter began to return toward baseline (Table I and Fig. 1 ). These increases in heart rate and blood pressure (the latter measured by Finapres) were comparable with those reported previously using central aortic catheterization to measure blood pressure after the same dose of intranasal cocaine (7, 32, 33) . Sympathetic nerve discharge at first was unchanged despite increased blood pressure and then decreased progressively over 60 min to a nadir that was 2 Ϯ 1% of the baseline value (227 Ϯ 46 to 4 Ϯ 2 U; P Ͻ 0.05) ( Table I and Fig. 1 ). In contrast to intranasal cocaine, intranasal lidocaine had no effects on blood pressure, heart rate, or sympathetic nerve discharge (Table II) . Although dobutamine produced increases in left ventricular fractional shortening comparable with those produced by cocaine (0.54 Ϯ 0.04 to 0.67 Ϯ 0.02 vs. 0.54 Ϯ 0.03 to 0.63 Ϯ 0.03, dobutamine vs. cocaine), dobutamine had no effect on heart rate (56 Ϯ 4 beats/min at baseline vs. 60 Ϯ 4 beats/min after dobutamine), mean arterial pressure (88 Ϯ 2 vs. 90 Ϯ 2 mmHg), or sympathetic nerve discharge (13 Ϯ 2 vs. 16 Ϯ 3 bursts/min; 230 Ϯ 29 vs. 266 Ϯ 29 total activity units). Despite comparable increases in blood pressure, sympathetic nerve discharge decreased more slowly with cocaine than with phenylephrine ( Fig. 1) , although the peak decreases in sympathetic discharge were comparable with both drugs. When the cocaine-induced elevation in blood pressure was attenuated by 66% (with nitroprusside), sympathetic nerve discharge did not decrease (as with cocaine alone) but rather increased markedly to a peak value that was 2.9 times higher than baseline (217 Ϯ 63 to 639 Ϯ 137 activity units, P Ͻ 0.05). (Fig. 2 and Table III ). This increase in sympathetic discharge peaked within the first 5 min after administration of cocaine and over the next 60 min declined partially to a value that was 1.9 times higher than baseline. When the nitroprusside infusion was discontinued, sympathetic nerve discharge decreased abruptly as blood pressure was allowed to increase normally in response to cocaine (Fig. 2) . In contrast, when nitroprusside was used similarly to attenuate a phenylephrine-induced elevation in blood pressure, sympathetic nerve discharge did not increase above the baseline (Fig. 2) .
In all subjects, the characteristic biphasic sympathetic nerve response to Valsalva's maneuver was preserved after cocaine (Fig. 1) . The gain of the sinoaortic baroreflex was comparable before versus after cocaine: 69 Ϯ 24 vs. 60 Ϯ 17 U/ mmHg ( P ϭ NS).
Plasma norepinephrine concentrations were unchanged after intranasal cocaine. The values in picograms per milliliter were 187 Ϯ 39, 174 Ϯ 29, and 191 Ϯ 28 at 60, 20, and 0 min, respectively, before cocaine and were 190 Ϯ 28 and 210 Ϯ 15 at 20 and 60 min, respectively, after cocaine; there were no significant differences between any of these values by ANOVA ( P ϭ NS).
Discussion
An emerging body of experimental animal literature indicates that cocaine, in addition to blocking norepinephrine reuptake peripherally, can exert two directionally opposite effects on central sympathetic outflow: ( a) sympathetic inhibition due to interruption of excitatory neural circuits in the brain (17) (18) (19) and (b) sympathetic excitation due to either a direct central neural action (20, 21) or inhibition of sinoaortic baroreceptor reflexes (22, 23) . The ability to measure sympathetic nerve discharge directly with intraneural microelectrodes (24) provided the opportunity to test these different theories in humans. The major new findings are twofold. First, in conscious humans the primary effect of cocaine is to increase, not decrease, sympathetic nerve discharge to the skeletal muscle bed. Second, sinoaortic baroreflexes are not attenuated by cocaine but rather play a pivotal role in modulating the cocaine-induced sympathetic excitation. The interplay between these excitatory and inhibitory neural influences determines the net effect of cocaine on sympathetic discharge targeted to the human peripheral circulation.
In our healthy subjects, the net effect of intranasal cocaine was a decrease in sympathetic nerve discharge. At first glance, this result would appear to be consistent with animal studies Effects of pharmacologic suppression of the cocaine-induced increase in blood pressure on the sympathetic nerve response to cocaine. (A) Segments of an illustrative experiment in one subject showing sympathetic nerve discharge and blood pressure at baseline, 30 min after intranasal administration of cocaine during intravenous infusion of nitroprusside, and after the nitroprusside infusion had been discontinued. Sympathetic nerve discharge increased markedly when the pressor response to cocaine was partially attenuated with nitroprusside. Sympathetic nerve discharge decreased when the nitroprusside infusion was discontinued and blood pressure was allowed to increase. (B) Summary data (meanϮSE) in four subjects showing the peak changes in mean arterial pressure and corresponding changes in sympathetic nerve discharge elicited by cocaine versus phenylephrine alone or in combination with nitroprusside (NP). Sympathetic nerve discharge decreased during increases in blood pressure evoked by either cocaine or phenylephrine. When nitroprusside was used to achieve comparable attenuations in the pressor response with either sympathomimetic drug, sympathetic nerve discharge increased markedly with cocaine but did not increase with phenylephrine.
demonstrating that cocaine decreases sympathetic discharge centrally (17) (18) (19) . Alternatively, the decreased sympathetic discharge might be a reflex response (rather than a centrally mediated response) evoked by activation of either (a) sinoaortic baroreceptors attendant to the cocaine-induced increase in blood pressure (30) or (b) cardiac ventricular mechanoreceptors attendant to the cocaine-induced increase in ventricular contractility (29) . We readily excluded the latter explanation because in the same subjects sympathetic nerve discharge was unaffected when we mimicked the cocaine-induced increase in left ventricular fractional area shortening with dobutamine.
On the other hand, the data implicate a pivotal role for the sinoaortic baroreflex in modulating the sympathetic nerve response to intranasal cocaine. Sinoaortic baroreflex activation explains the decreased sympathetic discharge after cocaine because this decrease was approximated when we mimicked the cocaine-induced rise in blood pressure with phenylephrine and it was eliminated (and even reversed) when we minimized the cocaine-induced rise in blood pressure using nitroprusside. That sympathetic nerve discharge fell more slowly with cocaine than with phenylephrine led us to suspect that cocaine exerts a primary excitatory effect on sympathetic nerve discharge, which initially offsets the inhibitory effect of baroreflex activation. We confirmed this suspicion when we unmasked a dramatic increase in sympathetic nerve discharge by clamping blood pressure (i.e., sinoaortic baroreflex activation) after cocaine. The evidence that this sympathetic excitation is a specific property of cocaine rather than a nonspecific property of any sympathomimetic agent is that the sympathetic discharge did not increase over baseline when we clamped blood pressure during infusion of phenylephrine. These findings are consistent with studies in rats suggesting that central sympathetic activation contributes to the acute blood pressure-raising effect of cocaine (20, 21) .
From the present experiments, it would be difficult to explain cocaine-induced sympathetic excitation on the basis of an impaired baroreflex, as suggested by previous animal studies (22, 23) . Those studies advanced the concept that cocaine anesthetizes the baroreceptors, a lidocaine-like effect, thereby reflexively increasing efferent sympathetic nerve discharge and blood pressure. However, the evidence for that concept was derived from direct application of cocaine (or lidocaine) to the baroreceptor nerve endings. In human subjects, however, it is unlikely that baroreceptor function would be affected by the intranasal administration of the relatively small dose of cocaine used in our study because of dilution in the systemic circulation. Indeed, in the present experiments, there was no detectable effect of cocaine on baroreflex control of sympathetic nerve discharge. After cocaine, sympathetic discharge increased normally in response to the Valsalva maneuver, a standard but qualitative test of baroreflex function. Baroreflex gain, quantified as the reflex increase in sympathetic discharge produced by a given decrease in arterial pressure, was equivalent before and after intranasal cocaine. Sympathetic nerve discharge was unaffected by intranasal administration of lidocaine, another local anesthetic agent. The latter finding is consistent with previous data indicating that even an antiarrhythmic dose of intravenous lidocaine has little (34) or no (35) effect on baroreflex control of muscle sympathetic nerve discharge. Although these findings certainly do not prove that intranasal cocaine has absolutely no effect on sinoaortic baroreflexes in humans, the data suggest that cocaine does not cause a major impairment in the baroreflex control of muscle sympathetic nerve discharge.
Thus, the principal new concept arising from these microneurographic data is that a baroreflex-mediated decrease in sympathetic nerve discharge overrides an excitatory action of intranasal cocaine on central sympathetic outflow. However, the main mechanism mediating the sympathomimetic actions of cocaine long has been thought to be blockade of norepinephrine reuptake in peripheral sympathetic nerve terminals (11) (12) (13) (14) (15) . The additional finding that plasma norepinephrine concentrations were unchanged with intranasal cocaine suggests that the reflex decrease in postganglionic sympathetic nerve discharge is of sufficient magnitude to negate an expected increase in plasma norepinephrine resulting from inhibition of peripheral norepinephrine reuptake.
This interpretation is based on the intranasal administration of a dose of cocaine which is equivalent to one-half of a standard local anesthetic dose. From these experiments, the possibility remains that the balance between the various sympathoexcitatory and inhibitory actions of cocaine might differ substantially with higher doses of intranasal cocaine than used in this study or with other routes of administration (intravenous or freebase inhalation) which produce higher plasma cocaine concentrations.
Based on these experimental findings with a small dose of intranasal cocaine in healthy humans, we suggest that preservation of normal baroreflex function provides a neurophysiologic explanation for the surprisingly infrequent occurrence of cocaine-induced cardiovascular catastrophic events in the current epidemic of cocaine abuse. In the setting of recreational cocaine abuse, this protective reflex mechanism might be overcome by an excessively high dose of cocaine or it might be impaired in individuals with attenuated baroreflexes due to preexisting medical conditions such as essential hypertension.
